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(57) ABSTRACT

Spatial data sequences are extracted in a frequency-space
domain at selected frequencies in selected data windows in
seismic data. A signal model and residuals are iteratively
constructed for each extracted spatial data sequence. Each
data sample in each extracted spatial data sequence is
assessed to determine if the data sample is noisy. Each noisy
data sample in each data sequence is replaced by a corre-
sponding signal model value. The earth’s subsurface is
imaged using the noise-attenuated seismic data.
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METHOD FOR SWELL NOISE DETECTION
AND ATTENUATION IN MARINE SEISMIC
SURVEYS

CROSS-REFERENCES TO RELATED
APPLICATIONS

Not Applicable

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

Not Applicable

SEQUENCE LISTING, TABLE, OR COMPUTER
LISTING

Not Applicable
BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to the field of geophysical
prospecting. More particularly, the invention relates to the
field of imaging marine seismic streamer data.

2. Description of the Related Art

In the oil and gas industry, geophysical prospecting is
commonly used to aid in the search for and evaluation of
subsurface earth formations. Geophysical prospecting tech-
niques yield knowledge of the subsurface structure of the
earth, which is useful for finding and extracting valuable
mineral resources, particularly hydrocarbon deposits such as
oil and natural gas. A well-known technique of geophysical
prospecting is a seismic survey. In a land-based seismic
survey, a seismic signal is generated on or near the earth’s
surface and then travels downward into the subsurface of the
earth. In a marine seismic survey, the seismic signal may
also travel downward through a body of water overlying the
subsurface of the earth. Seismic energy sources are used to
generate the seismic signal which, after propagating into the
earth, is at least partially reflected by subsurface seismic
reflectors. Such seismic reflectors typically are interfaces
between subterranean formations having different elastic
properties, specifically sound wave velocity and rock den-
sity, which lead to differences in acoustic impedance at the
interfaces. The reflected seismic energy is detected by
seismic sensors (also called seismic receivers) at or near the
surface of the earth, in an overlying body of water, or at
known depths in boreholes. The seismic sensors generate
signals, typically electrical or optical, from the detected
seismic energy, which are recorded for further processing.

The appropriate seismic sources for generating the seis-
mic signal in land seismic surveys may include explosives or
vibrators. Marine seismic surveys typically employ a sub-
merged seismic source towed by a ship and periodically
activated to generate an acoustic wavefield. The seismic
source generating the wavefield may be of several types,
including a small explosive charge, an electric spark or arc,
a marine vibrator, and, typically, a gun. The seismic source
gun may be a water gun, a vapor gun, and, most typically,
an air gun. Typically, a marine seismic source consists not of
a single source element, but of a spatially-distributed array
of source elements. This arrangement is particularly true for
air guns, currently the most common form of marine seismic
source.

The appropriate types of seismic sensors typically include
particle velocity sensors, particularly in land surveys, and
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water pressure sensors, particularly in marine surveys.
Sometimes particle displacement sensors, particle accelera-
tion sensors, or pressure gradient sensors are used in place
of'or in addition to particle velocity sensors. Particle velocity
sensors and water pressure sensors are commonly known in
the art as geophones and hydrophones, respectively. Seismic
sensors may be deployed by themselves, but are more
commonly deployed in sensor arrays. Additionally, pressure
sensors and particle motion sensors may be deployed
together in a marine survey, collocated in pairs or pairs of
arrays.

In a typical marine seismic survey, a seismic survey vessel
travels on the water surface, typically at about 5 knots, and
contains seismic acquisition equipment, such as navigation
control, seismic source control, seismic sensor control, and
recording equipment. The seismic source control equipment
causes a seismic source towed in the body of water by the
seismic vessel to actuate at selected times. Seismic stream-
ers, also called seismic cables, are elongate cable-like struc-
tures towed in the body of water by the seismic survey vessel
that tows the seismic source or by another seismic survey
ship. Typically, a plurality of seismic streamers are towed
behind a seismic vessel. The seismic streamers contain
sensors to detect the reflected wavefields initiated by the
seismic source and returning from reflective interfaces.

One problem in processing marine seismic data acquired
with towed streamers is swell noise. Swell noise can occur
whenever the data are acquired in rough sea conditions.
Swell noise has a low frequency contents, typically below 30
Hz, and relatively large amplitudes. Attenuating swell noise
is important for constructing accurate images of the earth’s
subsurface.

Early techniques for swell noise attenuation were based
on analyzing the low frequency content of the seismic traces
in the time-space domain (t-x) to identify anomalous large
values that represent swell noise contamination. The
detected noisy samples were then corrected by scaling or
interpolation using neighboring traces. However, time-space
techniques have the disadvantage of distorting useful signal
components in the process of removing swell noise.

The seismic industry has now moved to a more signal-
friendly approach to remove swell noise in the frequency-
space domain (f-x). Large amplitudes in the frequency-space
spectrum of the data are detected and then corrected by
interpolation using a prediction/projection error filter. An
improved performance can be achieved when the predictive/
projection error filtering is iteratively repeated or estimated
from non-noisy samples (typically at a higher frequency)
and then applied to the noisy data.

However, in all the current technologies for swell noise
attenuation, no spatial information is used to improve the
detection of incoherent noisy samples and to reduce the false
detection of large amplitude coherent signal samples, as the
detection is based on absolute non-ordered amplitudes. Also,
the fact that swell noise has a narrow-bandwidth is not
exploited to adapt the detection sensitivity to the level of
noise. Hence, these current techniques may lead to sub-
optimal noise detection performances and may result in
signal distortion as well.

Thus, a need exists for a more effective method for
detecting and attenuating swell noise in towed streamer
marine seismic survey data to provide more accurate images
of the earth’s subsurface.

BRIEF SUMMARY OF THE INVENTION

The invention is a method for imaging the earth’s sub-
surface. A programmable computer is used to perform the
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following. Spatial data sequences are extracted in the fre-
quency-space domain at selected frequencies in selected
data windows in seismic data. A signal model and residuals
are iteratively constructed for each extracted spatial data
sequence. Each data sample from each extracted spatial data
sequence is assessed to determine if the data sample is noisy.
Each noisy data sample in each extracted spatial data
sequence is replaced by a corresponding signal model value.
The earth’s subsurface is imaged using the noise-attenuated
seismic data.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention and its advantages may be more easily
understood by reference to the following detailed descrip-
tion and the attached drawings, in which:

FIG. 1 is a flowchart illustrating an embodiment of the
invention for imaging the earth’s subsurface;

FIG. 2 is a flowchart illustrating a portion of another
embodiment of the invention for imaging the earth’s sub-
surface; and

FIG. 3 is a flowchart illustrating another portion of the
other embodiment of the invention begun in FIG. 2.

While the invention will be described in connection with
its preferred embodiments, it will be understood that the
invention is not limited to these. On the contrary, the
invention is intended to cover all alternatives, modifications,
and equivalents that may be included within the scope of the
invention, as defined by the appended claims.

DETAILED DESCRIPTION OF THE
INVENTION

Conventional techniques to attenuate swell noise typically
use a two-step process of detection and correction. Initially,
the frequency-space (f-x) amplitude spectrum of the data is
computed. Then, in the first step, detection of noisy traces,
all spectral values at a given frequency that exceed a selected
threshold value are considered to be noise. Then, in the
second step, correction of noisy traces, the detected noisy
traces are interpolated by applying a prediction/projection
error filter (PEF). Finally, the corrected amplitude spectrum
is transformed back to the original time-space domain.

The threshold value in the detection step is usually
computed as:

Thrs=aS. )

The quantity S is a statistical measure, such as the median
or the RMS (root mean square) value, computed from the
input amplitude spectrum samples, and « is a positive factor,
referred to as the threshold factor. The threshold factor a is
a user-controlled parameter that quantifies the “harshness”
of the swell noise filtering procedure. Despite the fact that
the threshold value Thrs in Equation (1) is adapted to the
data through the statistical measure S, practical experience
shows that the threshold factor a is often changed if the
noise characteristics vary considerably across the data set.

This strategy of the detection step in the conventional
technique does not take into account the presence of spatial
coherency in the data. For instance, if a set of coherent traces
are randomly swapped pair-wise (hence, removing the spa-
tial coherency), the threshold value Thrs in Equation (1)
would be unchanged no matter which data statistic measure
S is used. Coherency in the data is only taken into account
at the later independent correction step by using frequency-
space (f-x) prediction/projection to correct (interpolate) the
previously detected noise traces. Therefore, the noise detec-
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tion step is disjointed from the noise correction step and this
may result in a sub-optimal noise attenuation result. For
example, a strong direct arrival may be misidentified as
noise.

Conventional techniques also ignore the fact that swell
noise has a narrow frequency bandwidth, which implies that
the signal-to-swell noise ratio is frequency-dependent. How-
ever, a constant threshold factor o is typically used for all the
frequencies in the processing band. This simplistic use of a
constant o may also lead to sub-optimal noise detection
performances, which may result in signal distortion. For this
reason, conventional techniques are often run in cascade to
target different frequency bands with different levels of
harshness.

The present invention is a method for improved imaging
of the earth’s subsurface using marine seismic data. In
particular, the invention is a method for improved attenua-
tion of swell noise in marine seismic data acquired by towed
seismic streamers.

The present invention provides a method of swell noise
attenuation in the frequency-space domain. The method
jointly detects and corrects for noisy traces by means of
spatial predictive modeling of the signal. The invention also
proposes an adaptive noise threshold computation to reflect
the variation of the signal-to-swell noise ratio throughout the
frequency band.

The method of the invention takes spatial coherency
information into account and combines the detection and
correction (interpolation) of noisy traces into one step
instead of two. The localization of noisy traces is still based
on an amplitude threshold strategy, but the thresholding is
not performed on the input data. Instead, thresholding is
performed on the residuals resulting from subtracting a
derived signal model from the input data, where the signal
model is obtained by prediction/projection error filtering in
the frequency-space domain. The method of the invention
has the potential advantage of reducing the false detection of
spatially-coherent large amplitude signal components, such
as direct arrivals, as being noise. Current technologies
perform noise detection on the input data, which is equiva-
lent to assuming a “zero” signal model.

Estimating a signal model from large noisy amplitude
may produce a “biased” model. To reduce the effect of noise
on the model, an iterative robust estimator is used. The
robust estimation weights the contribution of each sample,
inversely proportional to its amplitude, in building the
model for the signal. This estimation is fed back in a closed
loop and results in an iterative model-building and residual-
assessment cycle that runs until convergence is reached.

The method of the invention also varies the harshness of
the swell noise filter for each frequency to account for the
fact that swell noise has a narrow bandwidth. This is done by
setting the threshold factor o in Equation (1) equal to a
user-input value at peak frequency of the swell noise f,,,.
and increasing this factor as the processing frequency moves
away from f, . This process is described in more detail
with regard to the flowchart in FIG. 3, below.

The invention is a method of noise attenuation used in a
typical processing sequence for imaging the earth’s subsur-
face. In one embodiment, a programmable computer is used
to perform the following. A frequency-space data window is
obtained by transforming each time-space data window from
the seismic data. Then for each frequency a spatial sequence
is extracted from the frequency-space data window. A signal
model and residuals are iteratively constructed for each
extracted spatial sequence. Each data sample in the spatial
sequence is assessed to see if it is noisy based on the
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amplitude of its corresponding residual. If the data sample is
judged to be noisy then it is replaced (interpolated) by its
corresponding signal model value. The method of the inven-
tion is tailored toward removing narrow-bandwidth high
amplitude noise such as swell, but is not limited to it.

The seismic data obtained in performing a seismic survey,
representative of earth’s subsurface, are processed to yield
information relating to the geologic structure and properties
of the subsurface earth formations in the area being sur-
veyed. The processed seismic data are processed for display
and analysis of potential hydrocarbon content of these
subterranean formations. The goal of seismic data process-
ing is to extract from the seismic data as much information
as possible regarding the subterranean formations in order to
adequately image the geologic subsurface. In order to iden-
tify locations in the earth’s subsurface where there is a
probability for finding petroleum accumulations, large sums
of money are expended in gathering, processing, and inter-
preting seismic data. The process of constructing the reflec-
tor surfaces defining the subterranean earth layers of interest
from the recorded seismic data provides an image of the
earth in depth or time.

The image of the structure of the earth’s subsurface is
produced in order to enable an interpreter to select locations
with the greatest probability of having petroleum accumu-
lations. To verify the presence of petroleum, a well must be
drilled. Drilling wells to determine whether petroleum
deposits are present or not, is an extremely expensive and
time-consuming undertaking. For that reason, there is a
continuing need to improve the processing and display of the
seismic data, so as to produce an image of the structure of
the earth’s subsurface that will improve the ability of an
interpreter, whether the interpretation is made by a computer
or a human, to assess the probability that an accumulation of
petroleum exists at a particular location in the earth’s
subsurface. The processing and display of acquired seismic
data facilitates more accurate decisions on whether and
where to drill, and thereby reduces the risk of drilling dry
holes.

FIG. 1 is a flowchart illustrating an embodiment of the
invention for imaging the earth’s subsurface.

At block 10, spatial data sequences are extracted in a
frequency-space domain at selected frequencies in selected
data windows in seismic data.

At block 11, a signal model and residuals are iteratively
constructed for each extracted spatial data sequence.

At block 12, each data sample in each extracted spatial
data sequence is assessed to determine if the data sample is
noisy.

At block 13, each noisy data sample is replaced in each
extracted spatial data sequence by a corresponding signal
model value. (Non-noisy data samples are not replaced.)

FIGS. 2 and 3 are flowcharts illustrating another embodi-
ment of the invention for imaging the earth’s subsurface.
FIGS. 2 and 3 provide a more detailed description of the
invention illustrated in FIG. 1. FIG. 2 is a flowchart illus-
trating a portion of the other embodiment of the invention
for imaging the earth’s subsurface.

At block 20, marine seismic data are obtained from towed
seismic streamers. The seismic data may comprise pressure
sensor data, such as from hydrophones, or particle motion
sensor data, such as from geophones or accelerometers.
Obtaining the seismic data includes retrieving previously
acquired data from storage, such as computer memory or
other types of memory storage devices or media.

At block 21, a data window is selected in the time-space
(t-x) domain from the marine seismic data obtained in block
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20. The data windows are designed to overlap in the time
and space dimensions and to cover the seismic data desired
to be processed for imaging. The selection of data windows
may be done in any manner, although a systematic approach
is preferred for efficiency.

At block 22, the data window selected in block 21 is
transformed from the time-space (t-x) domain to the fre-
quency-space (f-x) domain. Any appropriate domain trans-
forms, well-known in the art, may be employed. For
example, frequency-slowness transforms may be used.
However, the type of transform is not intended to be a
restriction of the invention.

At block 23, a frequency f is selected in the transformed
data window from block 22. The selection of frequencies
may be done in any manner, although a systematic approach
is preferred for efficiency.

At block 24, the process proceeds to block 30 of FIG. 3
and returns from block 36 of FIG. 3 with noisy data samples
replaced by corresponding signal model (interpolation) val-
ues.

At block 25, it is determined if all the frequencies f from
block 23 have been selected in the transformed data window
from block 22. If it is determined that not all the frequencies
have been selected, then the process returns to block 23 to
select another frequency. If it is determined that all the
frequencies have been selected, then the process proceeds to
block 26.

At block 26, the data window is transformed back from
the frequency-space (f-x) domain to the time-space (t-x)
domain. Any appropriate domain transforms, well-known in
the art, may be employed. For example, inverse frequency-
slowness transforms may be used. Again, the type of trans-
form is not intended to be a restriction of the invention.

At block 27, it is determined if all the data windows from
block 21 have been selected from the seismic data from
block 20. If it is determined that not all the data windows
have been selected, then the process returns to block 21 to
select another data window. If it is determined that all the
data windows have been selected, then the process ends.

FIG. 3 is a flowchart illustrating another portion of the
other embodiment of the invention begun in FIG. 2.

At block 30, a spatial data sequence D is extracted from
the transformed data window in the frequency-space domain
from block 22 of FIG. 2 at the frequency f selected in block
23:

D={d, dp, . . . , d,}, ()]
where
d; forie{1,2,...,n}

is the Fourier transform at frequency f of the i trace in the
processing window.
At block 31, for each iteration t, a signal model:

s 8

is constructed from the coefficients:

SO={5,9, 5,0, . ..

©)
(al(t)a az(t)a s ap(t)),

such that:

P

s = Z a'di .

k=1

In one embodiment, the signal model is constructed by
finding coefficients that minimize the cost function:
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» (C]
Z lﬂ[di - Z adiy ],
=1

i=1

where the building block of the cost function in Equation (4)
is defined by the mapping:

{ le? for || < A® (5)
Yle) =

A? for gl = A®

and the mapping \(e) in Equation (5) depends on a variable
quantity value A given by:

AD=p(f)xmedian{ R}, (6)

Here, R®V in Equation (6) is the residual at the (t-1)
iteration, where the residual is defined by:

Alt—1)

D_§ o

A(t-1)
R =

=(d, —5(1'71), dy —5(2'71), e dy —SL””)
= (r(f*l), r(zrfl), TN rif’”),

and the parameter |(f) is a frequency-dependent threshold
factor defined as:

-4 ®
M= ! (g1 = Thrs)  {Or fonin = f < fpeak
Soear = fi
u(f) = Thrs for f = fpeat
2= 2L <) 600 < £ =
f2 - fpeak
where f,,;, is minimum processing frequency, f,,,,. is maxi-

mum processing frequency, 1, is peak frequency of the
swell noise, Thrs is the user’s input value for the threshold
factor at the peak frequency, and

S1= i A

o Fonart A
where Af is the step frequency. The quantities

©

madRd o

median{ Ry }

My =

define the corresponding threshold values at frequencies f,
and f,, and R, is the residual (input data sequence—signal
model) at each frequency f,. In one preferred embodiment,
the signal model is obtained using a prediction/projection
error filter (PEF).

At block 32, residuals are calculated corresponding to the
signal model constructed in block 31 and the spatial data
sequence extracted in block 30. In one embodiment, the
residuals are calculated as in Equation (7), above.

At block 33, it is determined if sufficient iterations t have
occurred. In one particular embodiment, sufficient iterations
are determined to have occurred for iteration T=t when:

ADATD, 11
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If it is determined that sufficient iterations have not occurred,
then the process returns to block 31. If it is determined that
sufficient iterations have occurred, then the process proceeds
to block 34.

At block 34, it is determined if the trace k is noisy. In one
particular embodiment, the trace k is determined to be noisy
if the amplitude of the residual satisfies:

17 Dl=4D. (12)

If it is determined that the trace k is noisy, then the process
proceeds to block 35. If it is determined that the trace k is
not noisy, then the process proceeds to block 24 of FIG. 2.

At block 35, (in the case that the trace k is noisy) then the
noisy spatial data sample d, is replaced by the corresponding
signal model interpolation value s,”. Then the process
returns to block 24 of FIG. 2.

The invention has been discussed above as a method, for
illustrative purposes only, but can also be implemented as a
system. The system of the invention is preferably imple-
mented by means of computers, in particular digital com-
puters, along with other conventional data processing equip-
ment. Such data processing equipment, well known in the
art, will comprise any appropriate combination or network
of computer processing equipment, including, but not lim-
ited to, hardware (processors, temporary and permanent
storage devices, and any other appropriate computer pro-
cessing equipment), software (operating systems, applica-
tion programs, mathematics program libraries, and any other
appropriate software), connections (electrical, optical, wire-
less, or otherwise), and peripherals (input and output devices
such as keyboards, pointing devices, and scanners; display
devices such as monitors and printers; computer readable
storage media such as tapes, disks, and hard drives, and any
other appropriate equipment).

In another embodiment, the invention could be imple-
mented as the method described above, specifically carried
out using a programmable computer to perform the method.
In another embodiment, the invention could be implemented
as a computer program stored in a computer readable
medium, with the program having logic operable to cause a
programmable computer to perform the method described
above. In another embodiment, the invention could be
implemented as a computer readable medium with a com-
puter program stored on the medium, such that the program
has logic operable to cause a programmable computer to
perform the method described above.

It should be understood that the preceding is merely a
detailed description of specific embodiments of this inven-
tion and that numerous changes, modifications, and alterna-
tives to the disclosed embodiments can be made in accor-
dance with the disclosure here without departing from the
scope of the invention. The preceding description, therefore,
is not meant to limit the scope of the invention. Rather, the
scope of the invention is to be determined only by the
appended claims and their equivalents.

I claim:

1. A method for imaging the earth’s subsurface, compris-
ing using one or more programmable computers pro-
grammed to perform at least the following:

extracting spatial data sequences in a frequency-space

domain at selected frequencies in selected data win-
dows in seismic data;

constructing iteratively a signal model and residuals for

each extracted spatial data sequence;

assessing each data sample in each extracted spatial data

sequence to determine if the data sample is noisy;



US 9,448,317 B2

9

replacing each noisy data sample in each extracted spatial
data sequence by a corresponding signal model value to
generate noise attenuated seismic data; and
imaging the earth’s subsurface using the noise-attenuated
seismic data.
2. The method of claim 1, wherein the extracting spatial
data sequences initially comprises:
obtaining marine seismic data from towed seismic stream-
ers;
selecting data windows in the marine seismic data; and
performing the following for each selected data window
in the seismic data;
transforming the selected data window from the time-
space domain to the frequency-space domain; and
selecting frequencies in the transformed data window.
3. The method of claim 2, wherein the replacing each
noisy data sample further comprises:
determining if sufficient iterations have occurred; and
transforming the data window back from the frequency-
space domain to the time-space domain.
4. The method of claim 2, wherein the constructing
iteratively a signal model comprises minimizing the cost
function:

2 P
Sfepe
=1

i=1

where the data sequence D is given by:

o da

the signal model is given for each iteration t by:
> 5.7,

where the building block of the cost function is defined by
the mapping:

D={dy, dy, . .

§O-{5,©, 5,@, . ..

le* for |g| < A
Wle) =
A% for || = A9,
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and the mapping y(e) depends on a variable quantity .

value A® given by:
AD=p(f)xmedian{ RV},

and the parameter p(f) is a frequency-dependent threshold
factor defined as:

f-A
M= ! (g1 = Thrs)  {Or fonin = f < fpeak
Soear = fi
= Thrs for f = fpeat
-2y T S0 fys < =
f2 - fpeak
where f,, 1is minimum processing frequency, f, . is

maximum processing frequency, 1, is peak frequency
of the swell noise, Thrs is the user’s input value for the
threshold factor at the peak frequency, and

S1= i A

o Fonart A
where Af is the step frequency, and
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max{R;}
g = ———for

median{ R }

k=1,2,

at frequency f,.

5. The method of claim 4, wherein the constructing
iteratively residuals comprises applying the following equa-
tion:

Alr=1)
=D

Alt=1
7 _S(i )

=(d; —5(1'71), dr —5(2'71), e Sy —SL””)

] 1 -
:(r(f ), r(2' ),... ,r,(: 1)).

6. The method of claim 5, wherein the determining if
sufficient iterations t have occurred comprises applying the
following equation:

ADATD,

for T=t.
7. The method of claim 5, wherein the determining if a
trace is noisy comprises applying the following equation:
17 P12aD.

8. A non-transitory computer readable medium with a
computer program stored thereon, the program having logic
operable to cause a programmable computer to perform
steps to provide an image of earth’s subsurface from seismic
data from a multi-azimuth marine seismic survey, compris-
ing:

extracting a spatial data sequence in a frequency-space

domain at each frequency from each data window in
seismic data;

constructing iteratively a signal model and residuals for

each extracted spatial data sequence;
assessing each data sample in the extracted spatial data
sequence to determine if the data sample is noisy;

replacing each noisy data sample in each extracted spatial
data sequence by a corresponding signal model value to
generate noise attenuated seismic data; and

imaging the earth’s subsurface using the noise attenuated

seismic data.

9. The medium of claim 8, wherein the extracting spatial
data sequences initially comprises:

obtaining marine seismic data from towed seismic stream-

ers;

selecting data windows in the marine seismic data; and

performing the following for each selected data window

in the seismic data;

transforming the selected data window from the time-
space domain to the frequency-space domain; and

selecting frequencies in the transformed data window.

10. The medium of claim 9, wherein the replacing each
noisy data sample further comprises:

determining if sufficient iterations have occurred; and

transforming the data window back from the frequency-

space domain to the time-space domain.

11. The medium of claim 9, wherein the constructing
iteratively a signal model comprises minimizing the cost
function:

=
—_—
S
1
o\
£

iy ]
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where the data sequence D is given by: S1 =
D={ds, dp, .. ., dy}s So T et
the signal model is given for each iteration t by: where Af is the step frequency, and
§O—Ls,® & 5 © 3
where the building block of the cost function is defined by maxiRy)
the mapping: o= ———fork=12,
median{ R }
10
le* for |g| < A at frequency f,.
o) = A2 for o] = AD), 12. The medium of claim 11, wherein the constructing
iteratively residuals comprises applying the following equa-
tion:

and the mapping y(e) depends on a variable quantity 15
value A® given by:
~(t-1) At-1)
=D-§

AD=p(f)xmedian{ RV}, R
. (-1 -1 -
and the parameter p(f) is a frequency-dependent threshold ==y =si =)
factor defined as: 20 N
f-h Thrs) for £ < f < 13. The medium of claim 11, wherein the determining if
M - (b = TH73) 1O foin = < Sy sufficient iterations t have occurred comprises applying the
wf) = Thrs fOr f = foeat 25 following equation:
- ADATD
H2— ffz_ ff (2 = Thrs) for foear < f = fnaxs ’
BT pe for T=t.

14. The medium of claim 11, wherein the determining if

where f,, is minimum processing frequency, f, . is 3o @ trace is noisy comprises applying the following equation:
maximum processing frequency, f,,, is peak fre- I Dz 4D,

quency of the swell noise, Thrs is the user’s input value
for the threshold factor at the peak frequency, and DT S



